Background/Aims: The pathophysiology of renal disease progression in autosomal dominant polycystic disease (ADPKD) is largely unknown. Recent evidence suggests microvascular dysfunction leading to renal ischemia, as an additional pathway for renal function decline. This study examined the levels of serum Fas ligand (FasL), serum myostatin and urine transforming growth factor-beta 1 (TGF-β1) and their association with markers of endothelial dysfunction, in ADPKD patients with preserved or impaired renal function. Methods: Seventy-eight participants were enrolled in the study, divided in three groups: Group A consisted of 26 ADPKD patients with impaired renal function (eGFR 45-70 ml/min/1.73m
Introduction
Over the last decades, renal cyst formation and cyst growth have been considered as the key mechanism leading to renal failure in autosomal dominant polycystic kidney disease (ADPKD) [1, 2] . Renal cyst formation in ADPKD is caused by dysfunctional polycystin proteins, related to mutations of PKD1 and PKD2 genes, which encode polycystin 1 and polycystin 2 respectively [3] . Apart from the recent exception with the use of tolvaptan, a vasopressin-2-receptor antagonist, which was associated with retardation of renal function decline [4] , previous therapeutic efforts with medications, such as the m-TOR inhibitor everolimus, or with surgical drainage of cysts, failed to or delay the progression of renal disease in ADPKD patients [5] . As ADPKD remains the fourth cause of end-stage renal disease [6] understanding of the pathophysiology of renal function decline could further drive our efforts to design optimal therapeutic strategies for ADPKD patients.
Ιn previous years different hypotheses on the cystogenesis processes in ADPKD have been described [7] ; existing data support that a complete loss of the normal allele is required (two-hit hypothesis), whereas other support that cysts can develop only with the level of function protein falling below a specific level (threshold hypothesis) [7] . In PKD1 inducible knockout (IKO) rats, PKD1 gene inactivation resulted in the formation of focal cysts only after induction of ischemia-reperfusion [8] . In adult mice with inactivated PKD1 gene showed, nephrotoxic injury led to increased proliferation of tubular epithelial cells and accelerated the formation of cysts [9] . Such observations suggest that the presence of abnormal polycystins, or reduced expression of the normal proteins, lead to renal cyst formation, but other mechanisms, such as kidney injury from ischemia-reperfusion or other nephrotoxic, paracrine or inflammatory factors that promote tubular damage initiation, activation of the apoptotic process, and increased cell proliferation, can accelerate cystogenesis [10] . Furthermore, polycystins are present not only in renal tubular cells, but also in the primary cilia of endothelial cells of renal microvasculature, where they function as flow sensors [11] . Impaired expression of normal polycystins in cultured endothelial cells was associated with an abnormal intracellular response to shear stress; i.e. inability to transmit extracellular shear stress into intracellular calcium signaling and NO synthesis [12] . It was therefore hypothesized that the "dysfunctional" polycystins, which per se exist in ADPKD, induce a pathological mechanosensory response to the vascular blood flow changes causing oxidative stress and ADMA increase, instead of NO production. Reduced bioavailability of NO may lead to vascular remodeling, and renal ischemia, which may act as an additional mechanism promoting the apoptotic process, the increased proliferation and the increased production of basic matrix and production of the matrix, resulting in fibrosis, further creating a vicious circle of ischemia, hypoxia, fibrosis and progressive worsening of renal function [5] .
We have recently demonstrated that ADPKD patients with relatively preserved renal function have significantly increased circulating asymmetric dimethylarginine (ADMA) levels, a marker of endothelial dysfunction [13] . ADMA levels in this group of patients were positively associated with oxidative stress biomarkers, as well as with biomarkers of hypoxia and angiogenesis such as HIF-1a and angiopoietin-2 [13] . Apoptosis is a field extensively studied in various diseases, thus there are a number of biomarkers linked to apoptosis. Fas ligand (FasL) is a transmembrane protein, member of the tumor necrosis factor, which induces apoptosis via various molecular mechanisms after its binding with its receptor Fas [14, 15] . Though FasL participates in various processes, its circulating levels, as well as soluble Fas levels, have been extensively used as markers indicative of apoptotic and inflammatory activity in various diseases, including kidney disease [16] [17] [18] [19] [20] . Myostatin is a transforming growth factor-beta (TGF-beta) superfamily member, closely associated with skeletal muscle differentiation. It has been demonstrated that myostatin could elicit apoptotic mechanisms via complex signaling pathways such inducing G1 phase cell cycle arrest, while increased myostatin levels are associated with endothelial dysfunction and renal decline in diabetic nephropathy [17, 21] . In addition, it has been recently demonstrated that myostatin circulating levels were elevated from early stages of CKD and inversely related to eGFR [22] . Moreover, fibrosis elicited both via cysts, inflammatory cytokines, or mechanistic processes, is also a key step in renal function decline in ADPKD. Urine TGF-β1 levels have been used as a marker reflecting fibrotic changes [23] [24] [25] .
Based on the above, the aim of this study was to determine the levels of apoptosis-related biomarkers, namely FasL and myostatin, not adequately studied in ADPKD, in relation to a marker of renal fibrosis, urine levels of TGF-β1, in APDKD patients with moderately preserved renal function, and compare them with ADPKD patients with impaired renal function and control subjects. Furthermore, we want to examine possible associations between these biomarkers and indices of endothelial dysfunction ADPKD patients.
Materials and Methods

Study design
We prospectively evaluated ADPKD patients attending the Nephrology Outpatient Clinics of AHEPA University Hospital, Thessaloniki Greece, and General Hospital of Pieria, Katerini, Greece during the years 2010 and 2011, for possible inclusion in the study, as previously described [13] . Inclusion criteria were: a) documented diagnosis of ADPKD, according to standard ultrasonographic criteria [26] and positive family history of the disease b) age 18-65 years; c) provision of informed written consent. Patients were excluded from the study if they had: a) CKD stage 3 or higher, (i.e. estimated glomerular filtration rate (eGFR) <45ml/ min/1.73m 2 , according to the Kidney Disease Improving Global Outcomes (KDIGO) 2012 Guideline for the Evaluation and Management of Chronic Kidney Disease [27] ; b) acute or chronic inflammatory disease; c) current use of cyclooxygenase inhibitors, antioxidants or vitamin E supplements, d) history of complicated renal cysts in the 3 previous months prior to study enrollment; e) acute myocardial infarction, unstable angina or ischemic stroke during the past 3 months; f) evidence of peripheral occlusive arterial disease; g) stage III-IV heart failure, according to the New York Heart Association (NYHA) criteria [28] .
A total of 52 patients with ADPKD fulfilled the aforementioned inclusion/exclusion criteria and were included in the study. Based on eGFR levels, two groups of ADPKD patients were formed: first, Group A, which included 26 patients with modestly impaired renal function i.e. eGFR ranging from 45 to 70 ml/ min/1.73m 2 and Group B, which included 26 age-and sex-matched patients with relatively preserved renal function i.e., eGFR>70 ml/min/1.73m 2 . A third group, Group C, including 26 age-and sex-matched volunteers who were apparently healthy or had mild hypertension and normal serum creatinine levels, formed the control group of the study.
All protocol procedures were conducted in accordance with the Declaration of Helsinki (2000 amendment). The study protocol was approved by the Ethics Committee of School of Medicine, Aristotle University of Thessaloniki. Participants provided informed written consent prior to study initiation. Screening evaluation included detailed medical history, physical examination and routine laboratory tests. At the main study visit, participants' demographics, medical history, and medication were recorded. Height, weight and blood pressure (BP) measurements were also recorded in a standardized manner, as per clinical routine. All study subjects were instructed to bring in the outpatient clinic a 24-hour urinary collection to determine urinary albumin excretion. Morning blood samples following a 12-hour overnight fasting were drawn to determine routine hematological and biochemical labs as well as circulatory markers under study.
Laboratory analyses
Routine hematological and biochemical parameters were measured with standard laboratory methods. eGFR was estimated from serum creatinine levels with the Modification of Diet in Renal Disease (MDRD) equation, [29] . For the determination of biomarkers under study blood samples were collected in standard EDTA tubes, were immediately centrifuged, and the supernatants were stored at -70°C. 24-hour urine samples for TGF-β1 determination were similarly stored. Circulating levels of FasL were determined with the R&D systems human Fas Ligand/TNFSF6 Quantikine ELISA (intra-assay CV: 4.1-5.4%, inter-assay CV: 6.4-8.8%), myostatin with the R&D systems GDF-8/Myostatin Quantikine ELISA (intra-assay CV: 1.8-5.4%, inter-assay CV: 3.1-6.0%), and urine TGF-β1 with the R&D systems human TGF-β1 Quantikine ELISA (intraassay CV: 2.4-3.4%, inter-assay CV: 5.7-84%).
Statistical analysis
Categorical variables are expressed as absolute frequencies and percentages and continuous variables as mean±standard deviation (mean±SD). We used the Chi Square (χ2) test or Fisher's exact test for betweengroups comparisons for categorical variables. For continuous variables we used one-way analysis of variance (ANOVA) and Student's t tests for independent variables to examine differences between various pairs of the three study groups. Variables were assessed for distribution analysis by Shapiro-Wilk testing. TGF-β1 in 24-hour urine collections was log-transformed for parameter testing. We performed simple linear regression analysis and calculated Pearson's r correlation coefficients, to explore the possible associations between biomarkers under study and eGFR, as well as levels of ADMA studied in the same population and published in a previous report [13] . Furthermore, univariate and two separate models of multivariate regression analysis (one with ADMA and a second with FasL), were performed, in order to evaluate possible associations between clinical and demographic factors and these specific biomarkers with higher levels of urine TGF-β1 levels. Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS) software version 17 (SPSS Inc, Chicago, Ill, USA) for Windows XP. A p value of <0.05 (two-tailed) was considered statistically significant.
Results
Baseline characteristics
Baseline clinical and laboratory characteristics, as well as medication data for the study population are shown in Table 1 . There were no significant differences between groups with respect to age, sex, as per study design. Group A patients had significantly higher levels of serum urea and creatinine, and significantly lower eGFR levels when compared to Group B patients and controls. Furthermore, Group A patients were treated with significantly more antihypertensive agents (2.7±1.7), when compared to Group B patients (1.4±1.1) or controls (0.6±0.2) (p<0.001 for all comparisons). On the other hand, patients with ADPKD and preserved renal function (Group B) did not differ from controls in terms of serum urea and creatinine, eGFR, urinary albumin excretion, BP and uric acid. Finally, Group A patients had significantly higher ADMA levels compared to the other two groups (p<0.001) and Group B patients, i.e. those with preserved renal function, compared to controls (p<0.001) [13] . Table 2 and Fig. 1 present serum levels of FasL and myostatin, and urine levels of TGF-β1. Group A, i.e. ADPKD patients with impaired renal function had significantly higher levels of FasL (13.12±1.69 ng/mL) compared to Group B patients (9.6±1.28 ng/mL, p<0.001) or controls (6.59±1.17 ng/mL, p<0.001). Myostatin levels were also higher in Group A patients (4.62±0.59 ng/mL) when compared to Group B patients (3.06±0.35 ng/mL, p<0.001) or controls (2.18±0.45 ng/mL, p<0.001). Of note, Group B patients, i.e. those with relatively preserved renal function had also significantly higher levels of apoptotic biomarkers when compared to controls (FasL: 9.6±1.28 vs. 6.59±1.17 ng/mL, p<0.001; myostatin: 3.06±0.35 vs. 2.18±0.45 ng/mL, p<0.001).
Serum levels of FasL and myostatin
Levels of urine TGF-β1
Patients with impaired renal function (Group A) had significantly higher levels of logTGF-β1 in 24-hour urine collections (3.56±0.49 ng/24h), when compared to patients from Group B (2.09±0.37 ng/24h, p<0.001), or controls (1.58±0.21 ng/24h, p<0.001). Similar to above, urine TGF-β1 was also significantly higher in patients with moderately preserved renal function compared to controls (p<0.001), despite similar eGFR of these two groups (Table 2 and Fig. 1 ).
Correlation and regression analyses
In order to further examine the role of decreased renal function with the evolution of apoptosis and fibrosis, we examined in correlation analyses, associations between FasL, myostatin and TGF-β1 with eGFR in ADPKD patients (Fig. 2) . We observed a negative correlation of eGFR with FasL (r=-0.799, p<0.001), myostatin (r=-0.856, p<0.001) and TGF-β1 (r=-0.476, p<0.001). To study the interaction endothelial dysfunction with apoptotic and fibrotic processes, we examined the correlations of ADMA, an established marker of endothelial dysfunction with FasL, myostatin and TGF-β1, observing significant positive correlations in all three cases (r=0.825, p<0.001; r=0.749, p<0.001; and r=0.599, p<0.001, respectively) (Fig. 3) . We also performed univariate and multivariate analyses using increased urine TGF-β1 as dependent variable (Table 3) . In univariate analysis decrease in eGFR, and increase in uric acid, ADMA, and FasL were associated with increased TGF-β1 levels. Due to the significant interaction between ADMA and FasL, we constructed two different multivariate models with these variables. In the first eGFR continued to be inversely associated with TGF-β1 [Odds Ratio (OR) 0.862, 95% Confidence Intervals (CI) 0.784-0.948)], while ADMA had a marginally significant association (OR 5.139, 95%CI 0.887-29.768). In the second model FasL was the only parameter continuing to be significantly associated with high urine TGF-β1 levels (OR 3.774, 95%CI 1.180-12.072).
Discussion
The aim of this study was to examine the levels of FasL, myostatin and urine TGF-β1, biomarkers related to apoptosis and fibrosis, in patients with ADPKD with different stages of renal function, and how these correlate with markers of endothelial function. We examined apoptosis related biomarkers, not studied in ADPKD, i.e. FasL and myostatin, as well as, urine levels of TGF-β1 in carefully matched ADPKD patients with impaired and preserved renal function, and controls. The main finding of our study was a stepwise increase of all these biomarkers from controls to ADPKD patients with preserved and those with impaired renal function. This significant increase in ADPKD patients with preserved renal function was present despite the fact that eGFR levels were similar between this group and controls. In addition, all parameters under study exhibited strong inverse correlations with eGFR and positive correlations with ADMA, an established marker of endothelial dysfunction. In multivariate analysis FasL was independently associated with TGF-β1, indicating the strong connection between apoptotic and fibrotic phenomena.
The mechanism of renal disease progression in APDKD patients remains a topic of great interest. The initial hypothesis that growth of cysts due to their mechanical effect on renal parenchyma is the only factor responsible is not valid [1, 2] , as this can only partially explain the worsening of renal function in APDKD patients. Therapeutic interventions, using surgical or pharmacological techniques to reduce cysts' growth also failed to adequately reverse ADPKD progression [5] , with the exception of the recent Replicating Evidence of Preserved Renal Function: an Investigation of Tolvaptan Safety and Efficacy in ADPKD (REPRISE) trial, where tolvaptan was associated with slower eGFR decline compared with placebo (-2.34 versus -3.61mL/min/1.73m2, P<0.001) [4] .
Reduced renal blood flow, via or and endothelial function and vasoconstriction, could be attributed to various factors in ADPKD, such as increased activation of renin-angiotensinaldosterone system, increased sympathetic activation, decreased nitric oxide bioavailability, and others [30] . We have previously demonstrated that ADMA, an endogenous inhibitor of nitric oxide, was significantly increased in ADPKD, even from the early stages of the disease, and this increase was linked to increased levels of oxidative stress [13] . Further to this observation, we have also showed that ADPKD patients with preserved and moderately impaired renal function, exhibited higher levels of emerging biomarkers indicative of endothelial dysfunction, angiogenesis and hypoxia i.e. endocan, hypoxia inducible factor1a (HIF-1a) and angiopoietin-2 (Ang-2) [31] . In addition, we have showed that levels of endocan, HIF-1a and Ang-2 were positively correlated with ADMA in patients with ADPKD. As a consequence, we have hypothesized, that endothelial dysfunction, via disturbances in local renal microcirculation leading to ischemia, hypoxia and angiogenesis, could act as regulator for renal injury progression in patients at early stages of the disease [5, 31] .
Morphological and structural changes observed in advanced stages of ADPKD include cell proliferation and interstitial fibrosis, closely linked to activation of apoptotic processes in renal microenvironment, as has been previously extensively described [30] . We studied FasL and myostatin in our population. Although there are no data in APDKD, Yilmaz et al. [17] , demonstrated that in patients with diabetic nephropathy and chronic kidney disease Stage 1 soluble Fas (sFas), the counterpart of FasL, and myostatin were significantly related to both ADMA levels, as well as decreases in flow mediated dilatation (FMD), as markers of endothelial dysfunction. In a recent cross-sectional study in 781 participants of a health exam, myostatin was elevated from early CKD stages an inversely related with eGFR [22] . Recent data indicated that myostatin is expressed and localized in human peri-renal aortic tissue specimens, participating in atherosclerotic plaques development via activation of JNK pathway (a pathway linked to both inflammation and apoptosis) [32] ; however, to our knowledge, there is no study directly examining the expression of myostatin in renal microcirculatory cells.
An experimental study exploited a genetic modified-FasL deficient murine model with renal cystic disease [33] . This study demonstrated that FasL-Fas interaction is not participating in the c-myc induced apoptosis in this model [33] . However, as the authors stated, these results could not rule out the participation of FasL-Fas in renal apoptotic mechanisms in renal cystic disease, as there are previous reports demonstrating alternative complex suicidal mechanisms driven by FasL-Fas [34] . Furthermore, sFasL has been linked to apoptotic mechanisms in other experimental setting or disease states. Of great interest, it has been indicated that sFasL could be linked to apoptosis of lung epithelial cells, in patients with acute respiratory distress syndrome [19] . In addition, previous data demonstrated that sFasL could potently induce cardiomyocyte apoptosis in patients with acute myocardial infarction (AMI) [20] . Plasma sFasL levels in AMI patients were also elevated, and authors suggested that increased sFasL expression could be related to ischemia/reperfusion injury in this patient group [20] .
In our study, we demonstrated that beyond ADPKD patients with impaired renal function, patients at early stages of the disease had significantly higher levels of FasL and myostatin compared to controls. As it was expected, FasL and myostatin levels were negatively correlated with renal function, accessed via eGFR in patient group, but they were also positively correlated with ADMA, as happened in diabetic nephropathy subjects [17] . Therefore, this is the first observation in humans with ADKPD that endothelial dysfunction, via local microcirculatory changes, as above discussed, provokes mechanisms related to apoptosis even from the early stages of the disease.
Interstitial fibrosis is considered a key morphological change in ADPKD, which alongside with other local disturbances, such as inflammation, are contributing to decline of renal function [5] . As it is widely known, the TGF beta system is considered as key participant and regulator in fibrotic changes in renal parenchyma in various renal diseases, including primary glomerulopathies and diabetic nephropathy; urinary TGF-β1 levels have been used as a marker reflecting fibrotic changes, and are proposed as diagnosis indicators of interstitial injury [23-25, 35, 36] . Again our study data showed that not only ADPKD patients with impaired renal function, as expected, but most importantly ADPKD patients with preserved renal function and equal eGFR and similar demographic and clinical characteristics with controls had significantly increased urinary TGF-β1. Correlation analysis demonstrated that TGF-β1 was negatively associated with eGFR and positively associated with ADMA in ADPKD patients. Strikingly, multivariate analysis demonstrated FasL as an independent predictor of increased urinary TGF-β1 levels in ADPKD population. ADMA was also indicated by multivariate analysis as a potent factor related to increased urinary TGF-β1 levels in ADPKD patients, although with a borderline statistical significance. These observations strongly support the aforementioned hypothesis on the close association of endothelial microcirculatory dysfunction with ischemia, apoptosis and renal fibrotic damage in these patients.
This is the first study examining emerging biomarkers related to apoptosis and fibrosis, such as FasL, myostatin and urine TGF-β1, and their associations in patients at early stages of ADPKD. However, some limitations could be acknowledged. Our sample size could be considered small; however, all of our observations were highly significant. We went through a careful matching process to form ADPKD groups different only for eGFR, but there were inevitable other differences, such as prevalence of hypertension and albuminuria. We have managed, however, to have the group of ADPKD patients with preserved renal function wellbalanced with the control group in terms of all the main factors examined. It should be also mentioned, that this was a cross-sectional study, and thus, cause-and-effect associations cannot be established.
Conclusion
This study investigated serum FasL, serum myostatin and urine TGF-β1, as biomarkers related to apoptosis and fibrosis, in patients with ADPKD of different stages and how these relate to endothelial dysfunction. We observed that, not only patients with low eGFR, but also those at early stages of the disease had higher expression of these biomarkers indicative in comparison to controls, and that both apoptotic and fibrotic markers were strongly associated with ADMA, an established marker of endothelial dysfunction. Taking into account previous observations from our group, these findings further support the hypothesis that, beyond cyst growth, local microcirculatory changes related to endothelial dysfunction cause hypoxia and renal ischemia, facilitating the activation of apoptosis and fibrosis in the renal tissue even from the early stages of ADPKD. Given the complexity of the disease, but also the need to further broaden our current knowledge, more experimental, mechanistic, but also large scale clinical studies are needed to generate new therapeutic strategies for ADKPD.
